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HEAT STORAGE DURATION*

J. Douglas Balcmb
Los Altmos Ilatfon#lLaboratory
Los Alamos, lie mexlco 87545

ABSTP.ACT

Both the mount and duration of heat
storage fn massive tlments of a passive
bl~ildin are investigated. Data taken for

7one ful winter fn the Bale@ solar hme
are analyzed with the ald of tub-systm
simulation models. Hw: storage duratfon
is tallled into one-day fntervals. Heat
storage locatlon 1s discussed and related
to overall energy flws, The results are
interpreted and conclusions drawn.

1, lNIROOUCTION——

Heat storage is an essentfal characteristic
of any passive tolar building If htating
loads other than those coincident with
solar radiation are to bt satisfied. Most
passive solar d@signs seek to tchleve solsr
aavlngs ~f 50 percent or mow #nd thfs
,hequlrr!significant stoiagt of daytlmc
solar kains to meet nighttim? aod cloudy-
dhy loads. Y~t dttpltr th? kty importance
of heat storage to pastlve solar perform-
ance thtre has been relatively littlt study
of h~ long h~t Is stor@d fn a pJ\sfvc
solsr bullding. Tho normal methods of
Intcrpr?ting rtsults of sfmulstlon tnalysls
tend to mdsk a good undtrstnndin of just

!when h~: is stored and for hcmi ong.

In tirdcrto lnvt}tigatc the heat ~torag~
duration in 4 pttiivcbufldlng, it was ftlt
that it wuuld b~ prcfrrtblt to USG data
frcrn#n actual building rather than rely on
a ~ottl ~y$tmn sfmulatiom. ?n this cast
th~ actual roun tanp@rJtu2ts art known and
th~ Sfmulttion consiotl on;y of sub-systm
tnalysls r?flcctlng the heat storag~ intcr-
actlolt wlthfn tht various maIIts of tht
buildin~, This rmovts tny ~rror Afch may
bc assoclatd with prodictino tho tmp@r-
aidrti within the SPOCQI w
problm much closor to ret’
an QctuJl lituJt,fonMlch
rather thtn o hvpothctical

b Work ptrforrnedundtr tht
Appllcatfons for Buildings

d-brings tht

The building which has been ●IIalyzedis the
Balcomb solar hcme located in Santa Ft, U-
Mexico. The building has been well instru-
wnted Jnd WJlusted and lts Operatfng
characteristics are reasonably well known.1*2

2. OVERALL EWRGY PERFORK4MCE

The data period which has previously been
studied is the same as the onr tnalyzti in
this paper. It tncc.mpasstt176 days of
winter from Novtier 1, 1978 through April
24, 1979

The overall energy balacce numbers for this
sfx-nmth ptrlod #r@ givtn In Table 1,
These #re re @ated htrt fran the mor~

rdetailed tab @ glvtn in Ref. 1 In order to
prowidc a benchmark against whjch to ~as-
ure tht heat storage cncr Its.

!
The “u$eful

load” is a number of part cular int~re!t.
It Is canputcd by subtracting from the
tottl heat 10SSQS J1l vented tnergy and JII
tncr~ requfrcd to maintain the hou$c above
70 F and the grotnhous~ above 45 F.

Tablo 1
HEATING SEASON SUWRY
(units Jr@mfll ion Btu)

Solar Gcins
H@tt Losses (QXC1, vented)

HWSQ 66.5
Greanhwac 35.8

on 10.1

66,0
@ 23,3

ns

Solar tavings

the US Mpartmnt of EnerW, Offi(@ of Solar

%.2
11’.4

89,3

13.4
7,5

22.1
67.2
59.7



3. HEAT STORAGE MODELS

Heat storage has been calculated far 12
different dfscrete locations within the
house in order to account for nearly all of
the mass which may be effective. The pro-
ceciurufsnployedis to use hourly dati to
dri’?ehour-by-hwr simulation models
characterizing the various heat storage
elements. These models were reviously

Yvalidated by comparison of ca culated mess
storafjetanperatures with date takel~during
a six-week evaluation period when 85
channels were recorded. This canbined
approach allows an evaluation of when heat
is put into a given storage elanent and
when it is withdrawn.

Very simple thermal netwoh models were
developed for two dffferent elanents in
each of three different spaces within the
house. In each case the netwoti consists
of one thermal resistance and one thermal
capacitance. One elament was used to
represent the combination of wood-beamed
ceiling, second-story wood floors, and
furnishings within the spaces, and the
second el?ment was used to represent the
plaster walls. For the entire 1950 sq ft
of living space these elements have a
canbined total heat storage capacity of
27056 Btu/F.

Tunperatures measured in the plaster walls
and in the wood-baamed ceiling show a very
good correspondence with the model pre-
dictions during the selected test period,
The models are driven By the measured air
tanperature in the three di?ferent roans,
These tanperatures represent three types of
spaces in the house which hav” significantly
different temperature profiles. They ar$
the dwwtairs dining room (representing
all of the downstairs which is connectively
well cwpltd), the master bdroom (repre-
senting the east and west end roons up-
stairs wh!ch is well coupled to the green-
house wall), and the upstairs center bed.
room (which is relativ~ly isolated and
heated primsrily by convection fran the
greenhouse). Seer@f. 1 for floor plans
and a section throutihthe house,

The adobe wall Mien separates the housb
ttmn tnw M;eennouse was represented by a
ladchr of SK resistance.capacitancecon-
nections dri~en by the measured t@npera.
ture$ near th~ wall surfaces. Since three
difftrent rake, of thermocouples were
placed through the wall this calculation
was repeated three times for the 10-inch
east and west walls downstairs and for the
14-incl,upstairs wall. These rc rhsent tha

1’sunlit portions of the @dobv wal sepa-
rating the reenhouse frcsnthe hou$e,

!Separateca culation$ ware mad~ for a
curved Iection of adobe wall which encases
a circular stolrcase at the in+ar$ection

of the east and west walls. Since this
wall sees little sun, the model was driven
from air temperatures measured in the house
and the greenhouse. The upper and lower
sections were calculated separately since
the boundary conditions are quite different.
The total heat capacity of the adobe well
is B813 Btu/F for the sunlit portions and
7632 Btu/F for the curved portion.

t!eatstorage in the 350 sq ft greenhouse
floorwa modeled using a six element
resistance-capacitance ladder representing
the top 30 fnches of soil. Themdel has
been validated by comparison with temper-
atures made at 2-inch, 6-inch, and l-foot
depths.

In the cdses of both the adobe wall and
suns~ace floor the thermal diffusivity of
the wterial was calculated based on
intermediate temperature measurements as
described in Ref. 3. The corresponding
value of thenmal conductivity is 0.34
Btu/F-ft-hr for the adobe wall and 0.7 for
the greenhwse floor.

The rock bed model used is very complex and
will not be described in detafl here. It
consists of two coupled thermal networks,
one 15-node network representing the rock
bed itself and another 29-node network
represent~ng the earth under the rock bed
extendino under the foundation walls to the
grwnd wtside. These models gave good
correspondence with measured floor temper-
atures and temperatures fn the rock bed.
The heat capacity of the rock bed is 14224
:;:[: counting in the overlaying 7“ floor

4. HEAT STORAGE ACCOUNTING

On a Vpical day heat flows into a heat
storage element during the day and back out
at night. These heat tlows were integrated
on an hour-by-hour basis separately sunsning
the htat flow into storage and out of
storage. By analo

r
with accounting these

were called “depos ts” and “withdrawals,”
For each day the deposit was sfmply the
intagral of tha positive heat flow into
storage. The withdrawal started at the end
of the deposit period and continuad until
tha baginning of the next day’s deposit
period or until noon, whichever is
earliest, ‘Thus,a withdrawal can be
definitely related to a prior deposit.

In 4ccounting for heat storage duration the
principle of “last in-first wt’’was used.
A special computer code (called “BANKER”)
was written to keep track of which day’%
deposit the withdrawals would be drawn
against, An axtmple of this accounting is
shown in Table 2, In this table the
history is only kept back f~r six days,
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h~ever, in the actual calculatlorm a
thirty-day record was kept. In this way
one can see on days when there Is a deficit
(withdrawals grez’er than deposits) how
many days prior tne deposit was made
against which the withdrawal is drawn.

Tallies like Table 2 were made for the
entire year. The total heat stored for
different durations were calculated by
sunning the colunns fn the tables.

5. RESULTS

The overall results of the analysis are
given in Table 3and Table4, Table 3
shows the sun of all of the deposits and
withdrawals from all of the heat-storing
elements throughout the 176-day analysis
perfod. Thfs is broken down by five major
categories shmdng that the adobe wall
separating the house frm the greenhouse is
the predaninant heat-storing element fol-
lowed by the varfous other heat-storing
aspects of the house ftself, the greenhouse
floor, and then the rock bed,

Date

NoV. 28
Nov. 29
Nov. 30
Dec. 1
Dec. 2
Dec. 3
Dec. 4
Dec. 5
Dee, 6
DPC, 7
Dee, 8
Dee, 9
Dec. 10
Dec. 11
Dec. 12
Dec. 13
Dec. 14
DQC. 15
Dec. 16
Dec. 17

House

W!W

67

::

;

1::
104
43

:!

1!;
113
106
65

lR
103
50

Table 3
HEAT STORED DURING THE 1978-79

HEATING SEASON
(units are million Btu)

Deposits iitthdrawals

House* 14.8 14.8
Sunlit Adobe
bhll1s 12.2 12.2

Shaded Adobe
Wal1s 5.7 5.7

Greenhouse
Floor 6.6 5.4

Rock bed 5.0 2.6—

Total 44.3 40.7

*excluding the adobe wall

Lost

1.2
2.4—

?.6

Table 4 shcus the duration Jf storage for
the40.7milllon Btu ofwtthdrawals. This
is divided into diurnal stora e, which is

!energy stored for less than 1 hours and
then into one-day time periods as shown,
The average t{me that heat is stored fs 22
hours. Diurnal heat storage domdnates the
picture, accounting for more than 82% of
all heat storage. Only 7.2 million Btu of
heat is stored for more than 12 hours and
the average tfme duration of thts heat
storage fs 4.1 dbys.

Table 2 - EXAMPLE OF DEPOSIT-HITHDRAMAL HISTORY
P1/lsterHalls, Roofs, and Furnishing (untts are kBtu)

Nithdrawn a a4nst depostt made N fraysearltcr*
Withdrawal Nm~ 1 ! ~~ 5 6 7 or more.—— _ —— —

*N ■ O refers to diurnal storaga(with
to 36-60 hours, W.

;; 29

100
103 31 19 1
50 5 25

13

35
25

n 12 hours), N ● 1 refers to 12-36 hours, N ● 2 refers



Table 4
‘EAT STORAGE DURATION (million Btu)

TOTAL WITHDRAWALS 40.70

Stored less than 12 hours 3;.5$
Stored 0.5 to 1.5 days
Stored 1.5 to 2.5 days 1:34
Stored 2.’ +> ~.5 days 0.90
Stored 3 .. 4.5 days 0.53
Stored ~ , to 5.5 days 0.46
Stored 5.5 to 6.5 days ;.;;
Stored 6.5 to 7.5 days
Stored 7.5 to 8.5 days 0:07
Stored 8.5 to 9.5 days 0.02
Stored 9.5 to 10.5 days 0.18
Stored 10.5 to 11.5 days 0.03
Stored 11.5 to 12.5 days 0.16
StOred 12.5 tO 13.5 ddyS 0.01
Stored 13.5 to 14.5 days
Stored greater than 14.5 days :::

Of the 12.2 mil’ion Btu stored in the
sunlit portions of the adobe walls, 10.3
million Btu is returned to the greenhouse
and 1,9 million Btu flats through the wall
into the house. Thfs through-flow of heat
al”rfvesin the house primar~ly at night and
primarily in the upstairs portions where
the shading is less, the walls are thinner,
:n:e:he roun tsmperatu,’esare slightly

The character of heat storage In each of
the various elements is reasonably similar
except for the rock bed where the pro-
portion of diurnal storage is only 56
percent of the total and for the house
(Wdll$, rOOf, furnish{r,gs,etc.) where the
proportion of diurnal storage is 84 percent
of the total,

6. INTERPRETATION

Near?y two-thirds of the useful load in the
Balccmb solar hane Is satisfied by heat
wh{ch fs passively stored in varfous ele-
ments of the house. Heat stored In the
rock bed by active fan-forced atr flint
plays a minor role in the overall energy
balance.

By far the most important heat storage Is
diurnal, that is, heat whtch is withdrawn
frcm storage w{th{n twelve hours after
deposit, Thfs represents over 4/5 of ~he
total heat stored,

The non-dfurnal withdrawals have a storage
duratton reasonably well spread over a
period of about one week but drop off
rapidly after that, as shown in Ffg, 1.
Since this longer term hwt storage ts
comparable to tha auxiliary heating In the
house It Is reasonable to assune that the
auxll{ary heatfngmi ht n~rly double in

!the absence of th{s onger term storage,

Fig. 1. Heat Storage Duration

Since there is no backu heating in tbe
rgreenhouse, It is total y dependent at

night on stored heat. TtIis fS obviously
effective since the minimum temperature
ever observed In the greenhouse Is 43 F o!)
a nfght when the outside temperature was
-12 F and there had been no sfgnificont
sunshine for three days. The predominant
heat storage Is in the adobe wall which
separates the house from the greenhouse
although the role of the reenhousc floor
Is also very Important. !he greenhouse
never represents a significant load to the
house,

The primary Importance cf the massive adobe
wall between the house and the greenhouse
is for direct-gain neat storage In the
greenhouse. Most of the heat absorbed by
the well is released back to the greenhouse
at night and fs essential to maintaining
reasonable temperature conditions in the
~reenhousewfthout backup heating. The
Trombe-wall effect” of thfs wall is also
tmportant, however, to supplyfng nighttime
heating of thehcuse, especi~lly the
upstafrs.

The heat storage In the house it~elf
(excluding the greenhouse wall) ts very
crftical to the overall successful per-
formance. The convective flow of heat
thrwgh the doorways separating the
greenhouse and house totals 16,9 million
Btu for the year and the heat storage in
the house is 14.8 million Btu, Although
these cannot be related directly, because
some of the stored heat is undoubtedly from
internal gatns, It is llkely that ama.!ority
of the convected heat is stored, A secon-
dary benefit of this storage ;S increased
comfort by reducing tam erature swings with-
tn the house (see Ref. ! for temperature
data),

The rock bed plays a fairly minor role in
the overall ener~l b!lance of the house,
accounting for on,y 7Z cf the stored heat
which IS returnef to the house, The primary
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justific~tion for the rock bti is seen in
maintaining the floor tfrnperaturesin the
living spaces about 10 F greater and thus
improving the canfort characteristics of
those spaces. Other advantages are in
reducing the peak afterncon winter tem-
perati,lresin the greenhouse by about 10F
and movi~g heat downward and northward in
the building. The rock bed provides 16% of
tbe house’s longer-term storage.

In interpreting these results one must be
awilrethat heat storage duration depends
not only on both the design and operation
of the building, but cn the statistics of
the weather. If the weather were identical
each day, then long-term storage would be
zero, Santa Fe, although cold, is rela-
tively sut?nywith 62% of possfble sunshine
during this winter. There are long periods
of sunny, crisp weather and the cioudy
weather is dcminuted by cyclonic storms
which cross the country dropping appre-
ciable snowfall. The typical duration of
these storm cycles is three days although
they frequently overlap. This type of
weather characterf.?esmuch of the US
although the frequency and duration of
C1OUCIY weather is greater in many places.

It is informative to study the total heat
stor’ge capacity of each element evaluated
in this analysis and cunpare that against
the total withdrawals. This is shown in
Table 5. Clearly the effectiveness of each
element is not simply proportional to its
storage capacity; the elsments which are
more accessible to direct solar heat and to
solar h~ted air, by virtue of having a
good location or a large surface area, are
far more effective. The area of the green-
house glazing is 409 $q ft; the second
colunn in the table shows the amount of
heat storage per unit of greenhouse
glazing. Although the total heat storage
fs several times the minfmum recomnendti
value of 54 Btu/F-sq ft (for a 90% SSF
buildin~) much of tt,isstorage is remote
and relatively ineffective.

Table 5
HEAT STORAGE COMPARED WITH HEAT CAPACITY

Heat capacity*
Withdrawals (Btu/F-sq ft of
(million Btu! glazing)

House 14.8 66.1
Sunlit Adobe 12,2 21,5
Halls

Shaded Adobe 5.7 18,7
Walls

Greenh~use 5.4 38.7
Floor (to 30”)

Rock bed 7.6 34.8
(incl. floor)

7. (X)NCL(JSIONS

Although the Balcomb house has a very high
solar fraction (the solar savings represent
89% of the net heating requirement) it
still seams that the predominant heat
storage is diurnal. It is likely thatane
could design simply on the basis of pro-
viding sufficient diurnal storage and the
longer te;m storage will follow automat-
ically. Hcatfever,the rock bed might be
designed to more effectively take advantage
of longer-term storage.

In calculating effective heat storage all
of the mass in the building shwld be
accounted. This is particularly true of
large surface areas such as ceilings and
furniture which are often ignored but which
may have a substa~tial diurnal heat capa-
city, The ineffectiveness of mass which is
remote, either because it is beneath
overlaying layers or because it is in
inaccessible roams, can be accounted by
performin aiurnal heat capacity cal-

7culation see Chapter F in Ref. 4).

The diversity of heat storage within the
house is seen as an advantage.
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